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Feline foamy virus (FeFV) belongs to the group of spumaretroviruses that contain in addition to gag, pol, and env accessory
genes collectively called bel genes. Primate FVs have been shown to utilize internal promoters in addition to the 59 LTR
promoters. In contrast to other known retroviruses, the FV pol genes are expressed via spliced transcripts. Northern blot
analysis and reverse transcription-coupled polymerase chain reactions (RT-PCR) were used to amplify, clone, and charac-
terize cDNAs generated from subgenomic viral transcripts. Sequencing of the splice site junctions of the different FeFV
mRNAs showed that singly and multiply spliced subgenomic transcripts were expressed in virus-infected cells. The relative
amount of the spliced pol-specific transcripts was quantitated and FeFV pol mRNA found to be expressed at about one-half
of that of the genomic mRNA. The major FeFV internal start site of transcription was identified at RNA position 7925.
Comparison of the FeFV transcriptional patterns to those of the human foamy virus revealed that the FeFV bel 1 mRNA was
expressed exclusively from the internal promoter in contrast to primate foamy viruses that use both the LTR and the internal
promoter for Bel 1 expression. Unexpectedly, an env-bel 2 mRNA was identified in FeFV-infected cells. In addition, cDNAs
from FeFV-infected cells were directly amplified by PCR without RT reactions and found to correspond to genomic and to a
subset of different subgenomic FeFV mRNAs. © 1998 Academic Press
INTRODUCTION
Foamy viruses (FV) or spumaretroviruses form a dis-
tinct group of complex retroviruses that have unusual
structural and functional features (for reviews, see Mer-
gia and Luciw, 1991; Lo¨chelt and Flu¨gel, 1995; Rethwilm,
1996; Yu et al.; 1996). FV have RNA genomes that are
relatively large, since they encode the regulatory and
accessory bel genes. One of them codes for the Bel 1 (or
Tas, transactivator of spumavirus) protein which is a
potent transcriptional transactivator necessary for viral
replication. Furthermore, the known FVs possess a
strong internal promoter that is located at the end of the
large env gene (Lo¨chelt et al., 1993; Campbell et al., 1994;
Mergia, 1994; Winkler et al., 1997). Another remarkable
biological feature of FVs is the existence of a pol-specific
transcript that expresses the Pol polyprotein indepen-
dently of Gag (Yu et al., 1996; Bodem et al., 1996; Jordan
et al., 1996, Enssle et al., 1996, Lo¨chelt and Flu¨gel, 1996).
A third difference concerns the structure of Gag of FV:
the carboxy-terminal domain does not code for the clas-
sical nucleocapsid (NC) protein with conserved Cys-Cys-
His residues; instead primate FV NCs are replaced by a
protein domain that contains Arg-Gly-rich residues in an
apparently repeated motif reminiscent of histones (Mau-
rer et al., 1988).
Recently, the genome of the cat or feline foamy virus
(FeFV) was reported and characterized (Bodem et al.,
1996; Winkler et al., 1997; Helps and Harbour, 1997). The
FeFV RNA genome with a size of 10,479 nucleotides (nt)
is almost as large as those of the primate FVs. Unex-
pectedly, the region of the FeFV sequence that codes for
the Gag protein is much smaller than that of the primate
FVs. Moreover, the FeFV NC domain does not contain the
typical Arg-Gly repeats that are characteristic of primate
FVs. In addition, the FeFV protease has an unusual
structure in the active center (Bodem et al., 1996; Pfrep-
per et al., 1997). These and other properties of FeFV open
novel possibilities for studying the functions of individual
FV genes not only in vitro but also in naturally or exper-
imentally infected cats.
This report describes the molecular characterization of
FeFV transcripts and highlights differences between the
transcriptional patterns of primate and nonprimate FVs.
RESULTS
Detection and characterization of FeFV cDNAs
in virus-infected cells
Recently a novel pathway of foamy virus replication
has been suggested (Yu et al., 1996). While cloning FeFV
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DNA from total DNA of FeFV-infected cells, specifically
deleted forms were detected which might have been
derived from spliced FeFV mRNAs. To answer the ques-
tion whether or not spliced FeFV mRNAs are reverse
transcribed into viral cDNA in FeFV-infected cells, total
DNA was isolated from FeFV-infected CRFK cells and
directly amplified by PCR by using sets of primer pairs
(Fig. 2) from the known FeFV provirus sequence (Winkler
et al., 1997). The resulting PCR products were separated
by agarose gel electrophoresis and are shown in Fig. 1A.
With primers bel2 and sense primer ipr2 (located up-
stream of exon 8 and the internal promoter, see below),
four PCR products of 1344, 1218, 925, and 840 bp marked
by asterisks in Fig. 1 were found (lane 2). The cDNAs
were separately cloned and the nucleotide sequences
were determined. The DNA band of 1344 bp corre-
sponded to the FeFV genomic sequence as published
recently by Winkler et al. (1997). FeFV RNA sequences
encompassing nt 8036 to 8162 were deleted from the
DNA of 1218 bp. This deletion was also observed in
fragment 925 in addition to another one between posi-
tions 8257 and 8540. The smallest insert DNA of 840 bp
had a complete deletion encompassing nt 8036 to 8540.
The sequences flanking these deletion sites resemble
the canonical consensus sequences of splice donor (59-
splice site) and acceptor sites (39-splice site) illustrated
as follows:
1. Donor (8036), ...AUAG2GUAAU 1; acceptor (8162),
AUCAUAG2GAUG.
2. Donor (8257), ...UCAG2GUAAU 2; acceptor (8540).
UGAACAG2UCGG.
In most cases a polypyrimidine tract preceded the
acceptor sites. From these results and the fact that one
specifically spliced HFV cDNA form was reported by
Saib et al. (1993), we conclude that the smaller cDNAs
may have originated from spliced mRNAs by reverse
transcription in FeFV-infected cells. The PCR product of
1218 bp represents cDNA from genomic mRNA that had
been spliced similar to bel 1b (Fig. 1, lane 2, marked by
two asterisks) whereas both faster moving cDNAs cor-
respond to genomic mRNA that had been spliced similar
to bet b- and bel 2-specific transcripts (Fig. 1, lane 2,
marked with three and four asterisks).
It is noteworthy that relatively high concentrations of
viral cDNAs were observed in FeFV-infected cells. This
result indicates that the transcripts expressed in FeFV-
infected cells had been spliced and the four cDNAs
detected were derived from these mRNAs (Fig. 1, lane 2).
We were interested in elucidating the 59 structure of
these viral cDNAs. Therefore, primers located in exon 1
(C1) and the bel region (bel1) were chosen. The resulting
DNA products detected with a size of about 9 kb corre-
spond to the size expected for the FeFV genome (Fig. 1,
marked ‘‘A’’, lane 1). Transcripts were not further resolved
in the size range of approximately 9 kb. We conclude that
the cDNAs must have been derived from a viral mRNA
that was not spliced in the 59 upstream region of the
FeFV genome, since specific cDNA bands of smaller size
that might correspond to a pol-specific mRNA of 7.6 kb,
an env-specific mRNA of about 4.0 kb, or a bet-specific
mRNA of about 1.3 kb were not detectable. This interpre-
tation is underscored by PCRs with antisense primers
located in env and pol which did not yield any spliced
products (data not shown). The data indicate that pol-
and env-spliced transcripts have not been reverse tran-
scribed in FeFV-infected cells. The ‘‘smear’’ of PCR prod-
ucts and some minor amplification products in the low
FIG. 1. Detection of FeFV cDNAs from virus-infected CRFK cells. (A), total DNA was isolated from FeFV-infected cells, directly amplified with sense
primer C1 and antisense primer bel1, and electrophoretically separated on a 1% agarose gel. The arrow ‘‘A’’ marks viral cDNA corresponding to
genomic, gag 1, 2, and 3 mRNAs (lane 1). Direct PCR with primers ipr2 and bel1 (lane 2); as controls PCRs were run without DNA template with primers
C1 and bel1 (lane 3) and with primers ipr2 and bel1 (lane 4). The arrows labeled with asterisks indicate cDNA bands 1344, 1218, 925, and 840 bp
that are spliced similar to genomic (*), bel 1b (**), bet b (***), and bel 2 (****) mRNAs. (B), detection of FeFV mRNAs by RT-PCR. Poly(A)-selected mRNAs
were reverse transcribed with primer oligo(dT). The RT products were amplified using primer pair ipr2 and bel2 and electrophoretically separated on
a 1.0% agarose gel. The lines labeled with asterisks indicate bands of 1344, 1218, 925, and 840 bp that are spliced similar to genomic (*), bel 1b (**),
bet b (***), and bel 2 (****) mRNAs. PCR without template, lane 1; PCR without cDNA synthesis, lane 2; RT-PCR, lane 3; direct PCR without reverse
transcription with DNA from FeFV-infected cells 4 days p.i. (lane 4) and 6 days p.i. (lane 5). Note different intensities of bands in lanes 3 and 4; for
primer locations, see Fig. 2.
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molecular weight range can be attributed to unspecific
reaction products obtained during long template PCR.
To distinguish the spliced cDNAs detected from the
intact and full-length proviral DNA sequence, these
cDNAs were designated gag1 (Fig. 1A, two asterisks),
gag2 (Fig. 1A, three asterisks), and gag3 (Fig. 1A, four
asterisks).
To confirm that the above identified cDNAs corre-
spond to FeFV-specific transcripts the structures of the
subgenomic viral mRNAs were determined in detail.
RT-PCR of viral mRNAs
An approach was taken that is based on the isolation
of viral mRNAs and cDNA synthesis in vitro using reverse
transcriptase with primer oligo(dT)15 and subsequent
amplification by PCR (RT-PCR). Poly(A)-selected mRNAs
were isolated as described under Materials and Meth-
ods. The RT products were amplified with primers ipr2
and bel2 and electrophoretically separated on a 1.0%
agarose gel (for locations and primer sequences, see
Materials and Methods and Fig. 2). The individual FeFV
cDNAs that were derived from viral mRNAs were char-
acterized by cloning and subsequent nucleotide se-
quencing. Four RT-PCR products of 1344, 1218, 925, and
840 bp marked by asterisks in Fig. 1B, lane 3, were
detected analogous to those found as cDNA molecules.
Additional RT-PCR products that were not consistently
detectable in RNA samples from FeFV-infected cells
were not further analyzed. The cDNA bands corre-
sponded to genomic mRNAs, gag 1, 2, and 3 transcripts
that had been spliced similar to bel 1b, bet b, and bel 2
mRNAs (for details, see below). These transcripts had
been used in vivo in the FeFV-infected cells as a template
for reverse transcription of the above-described cDNAs
gag1, gag2, and gag3. As controls, PCR without RNA
template (Fig. 1, lane 1) and PCR without cDNA synthesis
(Fig. 1, lane 2) were run. This result confirms that the
cDNAs detected in Fig. 1 and compiled in Fig. 2
stemmed from spliced 59 LTR-derived RNAs, since the
sense primer used is located upstream of the internal
promoter (see below). A direct PCR using DNA from
FeFV-infected cells (Fig. 2, lane 3) 4 days p.i. and 6 days
p.i. (Fig. 2, lanes 5 and 6) similar to that described above
was run in parallel.
Assuming that the reverse transcription of viral RNA
species in infected cells and in vitro in RT-PCR reactions
show comparable efficiencies, it is noteworthy that the
transcripts reproducibly displayed different relative in-
tensities when compared to those of the cDNAs (Fig. 2,
lanes 4 and 5), e.g., the fastest moving DNA band ob-
tained from RT-PCR in Fig. 2, lane 3, had a high intensity
whereas the corresponding DNA band in Fig. 2, lanes 4
and 5, generated by direct PCR had a low intensity. The
converse was observed for the DNA band of 1344 bp in
size that showed low intensity in Fig. 2, lane 3 (RT-PCR),
but appeared as a DNA band of high intensity (Fig. 2,
lane 4) in different sets of direct PCR experiments. In
summary, the different relative intensities of the various
transcripts analyzed may reflect variable efficiencies in
reverse transcription of the different classes of mRNAs
detected in infected cells versus in vitro.
Identification of FeFV env-bel transcripts
The coding capacities of the different transcripts iden-
tified above were analyzed. The spliced mRNAs detected
potentially code for env-bel 2 and env-s proteins. The
splice site junction of the env-bel 2 mRNA (Fig. 2) that
corresponds to the 840-nucleotide-long amplification
product and the deduced amino acid sequences are
shown in Fig. 3A. The splicing event resulted in the
deletion of the carboxy-terminally located Env membrane
anchor sequence linking the major body of env to bel 2
that includes 46 amino acid residues (aar) upstream of
the first Met residue of Bel 2. A corresponding protein
was detectable in FeFV-infected cells (see below).
The alternative env-s 1 and 2 transcripts (Fig. 2) were
detectable in FeFV-infected CRFK cells but due to that
the splice acceptors at 8162 of both mRNAs are located
in-frame with Env the deduced protein sequence termi-
nates after the last 11 aar of Env (Fig. 3B). This leads to
a protein in which only the Env membrane anchor has
been deleted but that terminates with the authentic Env
cytoplasmic domain. This protein does not code for any
Bel or Bet sequences in contrast to its human foamy
virus (HFV) analog, the Env-bet protein.
Identification of FeFV bel 2-specific proteins
Protein extracts of FeFV-infected cells harvested 5
days after infection (Fig. 4, lanes 1 to 4) were analyzed by
immunoblotting using an antiserum specific for the FeFV
Bel 2/Bet proteins. The antiserum specifically detected
the 36-kDa Bel 2 (Fig. 4, open arrow) and the about
44-kDa Bet (Fig. 4, solid arrow) proteins of FeFV in agree-
ment with their expected molecular sizes of 313 and 387
amino acid residues (Winkler et al., 1997, and see below).
In addition, protein bands of 80 kDa (Fig. 4, double arrow)
and about 160 kDa were detectable in variable concen-
trations. The high molecular weight protein most likely
corresponds to the unprocessed form of the Env-bel 2
protein whereas the 80-kDa band represents the pro-
cessed TM-Bel 2 protein consistent with the calculated
value of 82 kDa. In mock-infected cells, none of these
protein bands were detectable (Fig. 4, lane 5).
Determination of env splice sites
To analyze in more detail the structures of the sub-
genomic viral mRNAs and to precisely determine the
major FeFV env splice site junction, RNAs isolated from
FeFV-infected cells were reverse transcribed with anti-
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sense primer env1. The resulting cDNAs were amplified
by PCR after adding the sense primer C1 (Fig. 2). The
cDNAs were cloned into the PCR Script vector and se-
quenced. The data prove that the FeFV 59 LTR major splice
donor at RNA position 57 was joined to the major env 1
splice acceptor at nucleotide position 4965. In addition,
env-specific mRNAs were formed using the minor splice
acceptor site at 5236 (Table 1 and Fig. 2).
Determination of the cap site of the FeFV
internal promoter
To prove that the FeFV genome possesses a functional
and active internal promoter, primer extension experi-
ments were carried out. Primer 8243 (Fig. 2) was 59
end-labeled with 32P, purified, and used for reverse tran-
scription with RNA from infected and uninfected CRFK
FIG. 2. Schematic diagram of the FeFV proviral genomic organization and the transcripts identified. The rectangular arrows mark the position of
the 59 LTR and the internal start sites of transcription; vertical broken lines the primer positions upstream and downstream of both cap sites. The
different boxes indicate the FeFV genes, the arrowheads the primers used for either RT-PCR or direct PCRs, and the direction of the arrowheads
indicates the orientation of the primer. The location of the 59 major splice donor is indicated (SD). Consecutively numbered exons are shown as
straight lines. The asterisks at the end of the transcripts mark the poly(A) addition site. The positions of hybridization probes are designated as MA,
pol, bet intron, and marked by a thick line. Gag transcripts that do not have the genomic structure are designated as gag, numbered, and were
deduced from cDNAs. A transcript of unknown function is named I. The bel 1 and 2 transcripts were exclusively derived from the internal promoter.
The bel 2 mRNA was detected by RT-PCR only. The 59 structures of the env-bel 2, env-s1, and env-s2 transcripts were not completely defined with
respect to which of the major or minor env splice sites were utilized.
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cells. After digestion with Escherichia coli RNase H to
remove single-stranded RNA, the primer extension prod-
ucts were electrophoretically separated on a 5% poly-
acrylamide gel. Figure 5 shows the result of the deter-
mination of the FeFV internal cap site. In analogy to HFV,
the cDNA extension products corresponded to an RNA
that started at nucleotide positions 7925 and 7927 and
that were spliced at the splice junctions 8036 and 8162
(see above and Table 1). Unspliced primer extension
reaction products that should correspond to cDNAs
starting at the primer 8243 site and ending at RNA posi-
tion 7925 or 7927 were not detectable which may be due
to an unusually high efficiency of the splicing event. The
spliced subgenomic transcript that was started at the
internal cap site has the capacity to code for the Bel 1
transactivator and, additionally, the Bet protein (Lo¨chelt
et al., 1991). The primer bel2 located in bel 2 downstream
of the acceptor site 8540 yielded a cDNA that corre-
sponded to the bet a mRNA that started at the internal
cap site is depicted in Fig. 2.
Internally initiated bel 2 transcripts and singly or un-
spliced bel 1 mRNAs were not unambiguously detect-
able with primer bel2 in primer extension experiments
(data not shown).
Bet b mRNA was doubly spliced and bel 1b and bel 2
were singly spliced mRNA species (Fig. 2 and Table 1).
The unspliced bel 1a transcript is the precursor of the
four internally initiated mRNAs. The start site of transcrip-
tion of the internal promoter was localized to RNA nu-
FIG. 3. Primary structure of the splice junction of the FeFV env-bel 2 and env-s transcripts and deduced amino acid residues of the Env-bel 2 and
the short Env-s proteins. A, the sequence shown starts at Env aar position 873. The splice junction at RNA position 8036 is marked by an arrowhead.
The first part of the Env-bel 2 fusion protein is derived from env (no underlining). The unique part of the Bel 2 region generated by splicing is
underlined. The Bel 2 start codon is boxed; the beginning of the Bel 2 protein is double underlined. B, the acceptor at RNA position 8036 is spliced
in-frame into the env reading frame that results in a truncated, shorter form of the FeFV Env-s protein (stop codon marked with a star). The beginning
of the Bel 1 protein is shown with the start codon boxed.
FIG. 4. Detection of Bel 2/Bet-specific proteins in FeFV-infected cells.
Antigen extracts from different FeFV-infected CRFK cell batches har-
vested five days after infection (lanes 1 to 4) and mock infection (lane
5) were analyzed by immunoblotting with the Bel 2/Bet-specific anti-
serum using enhanced chemiluminescence. Specifically detected pro-
teins correspond to the FeFV Bel 2 (open arrow), the Bet (solid arrow),
the TM-Bel 2 (double-arrow), and the Env-Bel 2 proteins. The molecular
masses of marker proteins are given at the left margin.
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cleotide position 7925; a second one was detectable at
position 7927 one of which was previously predicted
(Winkler et al., 1997).
LTR-derived bel 1 mRNAs undetectable
in FeFV-infected cells
To determine whether 59 LTR-derived bel transcripts
were present in FeFV-infected cells, different RNA prep-
arations were reverse transcribed with the antisense
primers oligo(dT), bel2 , and bel1. Subsequently, PCRs
were done with the primers used for RT reactions and
the sense primer C1 located in the 59 LTR leader exon.
The only specific amplification product obtained at very
low concentrations was a multiply spliced mRNA (Fig. 2).
In this transcript bet a, the LTR leader exon was first
spliced to the minor env 2 acceptor. Thereafter, a donor
site at position 5383 was spliced to an acceptor site at
7814 upstream of the internal cap site. The following two
splicing events fully corresponded to that of the bet b
mRNA initiated at the internal start site of transcription
(Fig. 2). This mRNA might code for a functional FeFV Bet
protein that consists of an amino-terminal Bel 1 and part
of Bel 2. It is intriguing that 59 LTR-derived subgenomic
bel 1-specific transcripts that encode the Bel 1 transac-
tivator were not detectable despite repeated attempts
even after nested PCRs and subsequent hybridizations
with a labeled bel 1-specific probe.
Determination of bel and bet splice junctions
To precisely determine the structure of the FeFV bel
and bet mRNAs, cDNAs obtained from viral mRNAs by
RT-PCR amplification with antisense primer bel2 were
subsequently amplified with primer pair ic1 and bel1,
TABLE 1
Determination of FeFV Splice Site Junctions and Characteristics of Viral mRNAs
Primer pairsa
Combinations of exons
identifiedb
Assignment of
mRNAs
Sizes of
mRNAs
(nt)
Splice junction
sequences
Positions of
exonsc,d
C1 1 p4 1 1 2 pol e 8965 TTGG2GATC 57c 1 1571d
C1 1 env 1 1 3 env 1 5571 TTGG2GATA 57 1 4965
C1 1 env 1 1 5 env 2 5300 TTGG2CACA 57 1 5236
ic1 1 bel1 bel 1a 2554 Unspliced —
ic1 1 bel1 9 1 11 bel 1b 2428 ATAG2GATG 8036 1 8162
ic1 1 bel1 9 1 11 bet b 2145 ATAG2GATG 8036 1 8162
11 1 12 TCAG2TCGG 8257 1 8540
ic1 1 bel1 9 1 12 bel 2 2050 ATAG2TCGG 8036 1 8540
C1 1 bel2 1 1 6 bet a 2703 TTGG2CACA 57 1 5236
6 1 8 TGAG2AACT 5383 1 7814
8 1 10 ATAG2GATG 8036 1 8162
10 1 12 TCAG2TCGG 8257 1 8540
ipr2 1 bel2 1 1 4 env-bel 2 1358 TTGG2GATA 4965 1 8540
4 1 12 ATAG2TCGG 8036 1 8540
C1 1 d(T) 1 1 13 I 158 TTGG2GGTG 57 1 10376
a For locations of primer pairs, see Fig. 2 and Materials and Methods.
b Exon numbers are given in Fig. 2.
c Splice donor.
d Splice acceptor.
e The FeFV pol splice junction was reported by Bodem et al. (1996).
FIG. 5. Determination of the FeFV internal cap site by primer exten-
sion experiments. The arrow marks the major one of two bands cor-
responding to RNA nucleotide position 7925; the secondary cap site is
located two nucleotides further upstream; primer 8243 was used. RNA
from uninfected cells, lane K; RNA from FeFV-infected cells 2 days p.i.,
lane 1; and 4 days p.i., lane 2.
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cloned, and sequenced as described under Materials
and Methods. The results showed that the splice junc-
tion of the FeFV internal promoter mRNA leader contains
the sequence ATAG2GATG (Table 1); the second splice
occurs at positions TCAG2TCGG (Table 1) joining bel 1
and bel 2 sequences. Thus, these splicing events join
exons 9 1 11, and 11 1 12, respectively (Fig. 2 and Table
1). This fusion of exons 11 and 12 results in the formation
of the 387 amino acid residue long Bet protein analogous
to the HFV Bet protein. The corresponding Bet protein is
highly expressed in FeFV-infected cells (Fig. 4, lanes 1 to
4, solid arrow).
Northern blot analysis
To gain insight into the patterns of FeFV transcription,
Northern blot analyses with poly(A)-selected mRNAs
from virus-infected CRFK cells were carried out. DNA
probes, 32P-labeled, that were derived from the gag, pol,
and bel regions, were used for hybridizations (for the
precise locations of the different probes, see Fig. 2 and
Materials and Methods). The resulting FeFV mRNAs
shown in Fig. 6 indicated several transcripts of different
sizes. Genomic FeFV RNA of about 10.5 kb marked by a
in Fig. 6 and pol-specific of approximately 8.9 kb (Fig. 6,
b) were clearly detectable (Fig. 6, lane 2) with probes
from the pol and bel regions. The latter was not detect-
able with a gag-specific probe (Fig. 6, lane 1); the FeFV
pol-specific transcript was reported recently by Bodem et
al. (1996); the size of about 9 kb corresponds to a pol-
specific mRNA in agreement with the calculated value
(Table 1).
The Northern blot showed bel-specific transcripts of
approximately 2.0 to 2.6 kb (Fig. 6, lane 3) besides ap-
parently unspecific bands (Fig. 6). Env-specific bands
were not unambiguously detectable by Northern blotting
but were found by PCR (see above).
Determination of relative expression levels
of pol-specific mRNA
To determine the relative expression level of FeFV
pol-specific mRNA in comparison to that of the genomic
RNA, the gag- and pol-specific probes were hybridized to
the same RNA blot. Although Northern blotting of differ-
ent RNA species is not absolutely quantitative, the FeFV
genomic RNA of about 10.5 kb and the pol mRNA of 8.9
kb should have comparable degradation and transfer
kinetics since they differ in size by only 15%. The
genomic and the pol mRNA bands from four different
blots (Fig. 1, a and b) were quantitated using a Phospho-
Imager. The ratio between pol and the genomic specific
transcript was 1 to 1.7–2.1. Unexpectedly, this result re-
vealed that FeFV expressed approximately only double
the amount of genomic transcripts compared to those of
pol RNAs. This result implies that different stoichiometric
ratios of Gag and Pol proteins are required for FeFV
replication provided that gag- and pol-encoding mRNAs
are translated at similar efficiencies.
DISCUSSION
At first glance the FeFV transcriptional pattern looks
like that of the HFV. There are, however, besides simi-
larities substantial dissimilarities. Starting with similari-
ties, the FeFV internal start site of transcription was
identified that resembles the FeFV 59 LTR cap site and, to
a lesser degree, that of the HFV internal and 59 LTR
promoter both in location and in nucleotide sequence
homology (Lo¨chelt et al., 1993; Bodem et al., 1996, 1997).
It is remarkable that FeFV bel 1 transcripts were found
to start from the internal promoter exclusively and that
bel 1-specific mRNAs initiated at the 59 LTR promoter
were undetectable thus pointing to the fact that in FeFV
the internal promoter is absolutely required for the ex-
pression of the essential Bel 1 transactivator protein
needed for viral gene expression. This result is consis-
tent with and supports a model for foamy viral gene
expression that was put forward previously on the basis
of transactivation studies of HFV (Lo¨chelt et al., 1994,
1995; Bodem et al., 1997). According to the model, it was
suggested that the internal promoter is the first to be
activated by the viral transactivator Bel 1. The results of
this study allow the modification of the model for FeFV,
since in FeFV it is the bel 1 transcript that is exclusively
initiated from the internal promoter but not from the 59
LTR promoter. For FeFV gene expression, it seems man-
datory that the internal promoter is functional and first
expresses Bel 1 that subsequently transactivates the 59
LTR promoter to induce synthesis of the structural virus
genes.
FIG. 6. Northern blot hybridization of poly(A)-selected mRNA from FeFV-
infected CRFK cells, electrophoretically separated on a 0.6% agarose–
formamide gel. The 32P-labeled probes were derived from the amino-
terminal gag region (lane 1), pol (lane 2), and the bel region (lane 3) and
hybridized separately to the RNA blot. The positions and sizes of the RNA
marker molecules are indicated on the left-hand margin. Genomic and
pol-specific transcripts are marked by a and b, respectively.
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Most of the FeFV splice sites reported in our study are
consistent with the canonical consensus splice donor
and acceptor sequences. It is noteworthy that those
splice sites that do not strictly follow the consensus
sequences belong to mRNAs that were expressed at low
levels. This is illustrated by the splice acceptor of the env
2 transcript that is hardly detectable in contrast to the
env 1 mRNA that was expressed in relatively higher
amounts. Compared to those of HFV, the cat foamy virus
mRNAs have similar structures. This includes short,
probably noncoding exons in the central part of the FeFV
genome (exon 6, Table 1, and Muranyi and Flu¨gel, 1991).
The splicing patterns of bovine foamy virus reported by
Renshaw and Casey (1994) were comparable in com-
plexity to those of FeFV.
It is noteworthy that a FeFV env-bel 2 transcript and
the corresponding Env-bel 2 protein were identified. The
latter seems to replace the functional HFV Env-bet ana-
log that is expressed as a fusion protein as reported
previously (Giron et al., 1993; A. Saib, personal commu-
nication). Whereas in the HFV Env-bet protein an internal
domain of Bel 1 is shared with Bet, in the FeFV Env-bel
2 protein there is no common Bel 1 domain. The nature
of the high molecular weight bands reactive with the Bel
2/Bet-specific antiserum will be further analyzed when
FeFV-env-specific sera are available. These studies will
focus on the point whether the Env-bet protein displays
different processing pathways and efficiencies when
compared to the Env proteins.
Instead of the HFV Env-bet fusion protein, FeFV seems
to have evolved in a manner to express two similar
transcripts, env-s1 and env-s2 that differ from each other
by the differential splicing pattern in the bel region.
Env-s1 is singly spliced forming exon 11 whereas env-s2
is doubly spliced forming exons 10 and 12 (Fig. 2). Both
transcripts nevertheless are predicted to code for short
forms of the Env protein that lack the membrane anchor
domain. Both forms should be detectable in an unproc-
essed version, SU-TMd and a processed form, TMd (d 5
missing membrane anchor).
Although the three species of gag 1, 2, and 3 mRNAs
differ by the number and type of splicing events in the
env/bel region, their predicted coding capacities to ex-
press authentic Gag are not changed. As to the precise
structure of the subgenomic pol transcript, it remains
open whether or not and how the 39 part is spliced.
Taking the complex structure of the splice sites within
bel into account, it is likely that besides an unspliced
form, different spliced versions of pol transcripts may
exist.
In noncomplex and most complex retroviruses (Cullen,
1991) pol is expressed from a Gag-Pol fusion protein. In
contrast, FVs use an alternative way of pol expression
that is based on forming a pol-specific transcript by
splicing (Yu et al., 1996; Bodem et al., 1996; Jordan et al.,
1996). The former mechanism that is based on ribosomal
frameshifting results in low levels of the Pol polyprotein
are expressed (Coffin, 1996). Splicing of pol seems to
achieve this regulation on the level of transcription which
results in a Gag-independent but higher expression of
FeFV pol-specific mRNA, since our data on the relative
expression level of FeFV pol mRNAs clearly indicate that
the amount of pol-specific mRNA expressed reached
about half of that of genomic RNA. Judging from results
obtained from a comparative Western blot of an in-frame
HFV Gag-pol mutant and that of wild-type HFV, it is
apparent that in FVs the ratio of Gag to Pol is clearly
higher than in other retroviruses (Coffin, 1996; Lo¨chelt
and Flu¨gel, 1996). Therefore, it is likely that the higher
level of FeFV pol mRNAs is actually translated into a
correspondingly increased amount of the FeFV Pol
polyprotein and that the enhanced expression of FeFV
pol transcripts is required for efficient virus replication.
The data of this report show that the viral genomic and
subgenomic gag 1, 2, and 3 mRNAs from FeFV-infected
cells had been reverse transcribed and are detectable as
viral cDNAs in the unfractionated pool of total cellular
DNAs by direct PCR. This is in agreement with results
reported previously by Saib et al. (1993) and Yu and Linial
(1996). According to our data reverse transcription of
those viral mRNAs that are spliced in the env-bel region
seems to be a common feature of FVs. In contrast to the
report Saib et al. (1993) where a cDNA form was deleted
in bel 1 and by itself therefore transcriptionally inactive,
at least one of the FeFV cDNAs reported here is capable
of expressing a full-length tranactivator. However, due to
the deletion of the Env transmebrane anchor, this form of
proviral DNA will not result in the expression of infec-
tious virions.
MATERIALS AND METHODS
Cells and virus
The cultivation of Crandell feline kidney (CRFK) cells
and propagation of the FeFV isolate FUV were performed
as described previously (Winkler et al., 1997). Cells were
harvested 2 to 6 days postinfection (p.i.), washed with
PBS, and directly used for preparation of viral RNA or
DNA isolation.
Isolation of RNA, RT-PCR, and Northern blot analysis
RNA from infected CRFK cells was purified with the
RNeasy or the direct mRNA Mini kit (Qiagen, Hilden,
FRG). The Expand reverse transcription kit (Boehringer,
Mannheim, FRG) was used for the synthesis of FeFV-
specific cDNAs with RNA from infected cells as template
for 1.5 h at 42°C and with FeFV-specific primers under
conditions specified by the manufacturer. Viral cDNAs
were amplified with the Expand long template PCR sys-
tem (Boehringer) as described recently (Bodem et al.,
1996). The PCR products were cloned either directly or
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after purification by agarose gel electrophoresis into the
SrfI site of the PCR-Script Amp vector (Stratagene, Hei-
delberg, FRG). The resulting recombinant clones were
directly sequenced with insert- and vector-specific prim-
ers and the Thermo Sequenase kit (Amersham Buchler,
Braunschweig, FRG) or with a LI-COR automatic se-
quencing apparatus.
For Northern blot analysis, cytoplasmic RNA from in-
fected and noninfected cells was extracted by the acid
guanidinium phenol–chloroform method (Chomczynski
and Sacchi, 1987). The mRNA was isolated from these
RNAs using Dynabeads according to the protocol sup-
plied by the manufacturer (Dynal, Hamburg, FRG ), sep-
arated on an 0.6 % agarose formamide gel, and trans-
ferred onto Hybond N1 membranes as recommended by
the manufacturer (Amersham). RNA size markers (RNA
molecular weight standard I, Boehringer) were run in
parallel and stained with ethidium bromide, and their
positions were marked on the blotting membrane after
transfer. Probes for Northern hybridizations were ampli-
fied by PCR with Pfu DNA polymerase using genomic
FeFV cDNA clones 7 and 3 (Winkler et al., 1997) and
primers at DNA nucleotide positions 1442–2071 (probe 1,
MA), 2690–3057 (probe 2, pol), and 9327–9606 (probe 3,
bet intron) under reaction conditions recommended by
the manufacturer. The amplification products were gel-
purified with the QIAquick gel extraction kit (Quiagen).
DNA fragments, 25 ng each, were randomly labeled with
[a-32P]dCTP (sp act 30 3 108 cpm/mg) using the Mega-
prime kit (Amersham). To detect the FeFV-specific mRNA,
the MA-, pol-, and bet intron-specific probes were sep-
arately hybridized to the same RNA samples.
The denatured probes were hybridized to the blot at
68°C overnight. Blots were washed twice with 0.5 3
SSC 1 0.1% SDS at 68°C and exposed on a BioMax MR
X-ray film. Discrete bands of high molecular mass from
four different blots were directly quantitated on a Phos-
phoImager (Molecular Dynamics) using the ImageQuant
software package Version 3.3. RNA size marker kit I was
purchased (Boehringer, Mannheim).
Primer sequences
The sequences and RNA nucleotide positions given in
brackets of the different primers were taken from Winkler
et al. (1997). The antisense primers were p3 (1994), 59-
TTGCTGCCTAACAGGTTCTTCTCC-39; p4 (2037), 59-ATATA-
CATCTCCTTCCTGCGTTCC-39; env1 (5578), 59-AATTAGT-
CACCTGCCAGATTCCGACTGGGCC-39; env2(5638), 59-ATT-
GTATATCACGTCTCCGTCTGGAGGAGGAAGAGG-39; 8243
(8243), 59-AGGTAAGGTCCAAACCGAAGTGGAATGGG-39;
bel2 (9104), 59-AAATATAATTCATCCAAATGAGAAAGGG-39;
bel1 (8831), 59-GCCATCGATTTGTACCAGGCCTATTCCTGG-
39; and oligo(dT), 59-GAGACTCGAGAATTCCATGG(T)15-39.
The sense primers were C1 (7), 59-TTCTCACAGACTTG-
GCTGCGTCCAGGG-39; p5 (1565), 59-CAGAGAGATCAGA-
GAGGACCGTCG-39; ipr2 (7760), 59-CCACTTAAACAGGA-
ACTAAAAG-39; and ic1 (7941), 59-CCTTCACGAAGGAGAC-
TATCCAGAGTGGC-39.
Primer extensions
Primer extension reactions were carried out by 59
end-labeling primer 8243 with [g-32P]-ATP and T4 polynu-
cleotide kinase (Boehringer, Mannheim) that was subse-
quently purified with the QIAquick nucleotide removal kit.
RNA from infected and uninfected CRFK cells was re-
verse transcribed with the labeled primer and the Ex-
pand RT kit. The reaction conditions were as described
above. The RNA was digested with E. coli RNase H
(MBI-Fermentas, St. Leon-Rot, FRG) for 30 min at 37°C.
Reaction products were extracted with phenol/chloro-
form, precipitated with ethanol, and separated on a de-
naturing 5% polyacrylamide sequencing gel.
Synthesis of FeFV cDNA, DNA cloning,
and sequencing
Total, unfractionated DNA from FeFV-infected cells
harvested 4 to 6 days p.i. was prepared using the
QIAamp tissue DNA extraction kit according to the man-
ufacturer’s instructions (Qiagen). For PCR, 300 ng of total
DNA was used and the conditions were set at 94° for
30 s, at 51°C for 45 s; extension times were set at 2
min/kb at 68°C using the Expand long PCR system. The
amplification was run for 35 cycles. PCR products were
separated on 0.8–1.0% agarose gels in TAE buffer (40
mM Tris–acetate, 2 mM Na2–EDTA, pH 8.5) and extracted
with the QIAquick kit. The resulting DNA fragments were
cloned into the Topo PCR 2.1 kit (Invitrogen, Leek, Hol-
land) or into the PCR Script vector. Inserts were se-
quenced with the Thermo Sequenase kit.
Induction of a Bel 2/Bet-specific anitiserum
FeFV bel 2 residues 9865 to 10703 were expressed in
the pET16b vector as described recently (Lo¨chelt and
Flu¨gel, 1996). The resulting recombinant protein of 33
kDa was purified by Ni-chelate chromatography, injected
into rabbits (Eurogentec, Seraing, Belgium) for genera-
tion of an Bel 2/Bet-specific antiserum, and used for
immunoblotting as described recently (Lo¨chelt and Flu¨-
gel, 1996).
ACKNOWLEDGMENTS
We thank Helmut Bannert and Inge Napierski for technical assis-
tance, Jennifer Reed for critically reading the manuscript, and Harald
zur Hausen for support. This work was partially supported by the
Wilhelm-Sander-Stiftung. Sequence data from this article have been
deposited with the EMBL/GenBank Data Libraries under Accession No.
AJ223851.
REFERENCES
Bodem, J., Lo¨chelt, M., Winkler, I., Flower, R. P., Delius, H., and Flu¨gel,
R. M. (1996). Characterization of the spliced pol transcript of feline
425TRANSCRIPTS AND cDNAs OF FELINE SPUMAVIRUS
foamy virus: the splice acceptor site of the pol transcript is located in
gag of foamy viruses. J. Virol. 70, 9024–9027.
Bodem, J., Lo¨chelt, M., Yang, P., and Flu¨gel, R. M. (1997). Regulation of
gene expression by human foamy virus and potentials of foamy viral
vectors. Stem Cells 15(Suppl. 1), 141–147.
Campbell, M., Renshaw-Gegg, L., Renne, R., and Luciw, P. A. (1994).
Characterization of the internal promoter of simian foamy viruses.
J. Virol. 68, 4811–4820.
Chomczynski, P., and Sacchi, N. (1987). Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform extrac-
tion. Anal. Biochem. 162, 156–159.
Coffin, J. M. (1996). Retroviridae: The viruses and their replication. In
‘‘Virology’’ (B. N. Fields, D. M. Knipe, and P. M. Howley, Eds.), pp.
1767–1847, Raven Press, New York.
Cullen, B. R. (1991). Human immunodeficiency virus as a prototypic
complex retrovirus. J. Virol. 65, 1053–1056.
Enssle, J., Jordan, I., Mauer, B., and Rethwilm, A. (1996). Foamy virus
reverse transcriptase is expressed independently from the Gag pro-
tein. Proc. Natl. Acad. Sci. USA 93, 4137–4141.
Giron, M.-L., Rozain, F., Debons-Guillemin, M. C., Peries, J., and
Emanoil-Ravier, R. (1993). Human foamy virus polypeptides: identifi-
cation of env and bel gene products. J. Virol. 67, 3596–3600.
Helps, C. R., and Harbour, D. A. (1997). Comparison of the complete
sequence of the feline spumavirus with those of the primate spuma-
viruses reveals a shorter gag gene. J. Gen Virol. 78, 2549–2564.
Jordan, I., Enssle, J., Gu¨ttler, E., Mauer, B., and Rethwilm, A. (1996).
Expression of human foamy virus reverse transcriptase involves a
spliced pol mRNA. Virology 224, 314–319.
Lo¨chelt, M., Zentgraf, H., and Flu¨gel. (1991). Construction of an infec-
tious clone of the full-length human spumaretrovirus genome and
mutagenesis of the bel 1 gene. Virology 184, 43–54.
Lo¨chelt, M., Muranyi, W., and Flu¨gel, R. M. (1993). Human foamy virus
genome possesses an internal, Bel 1-dependent and functional pro-
moter. Proc. Natl. Acad. Sci. USA 90, 7317–7321.
Lo¨chelt, M., Flu¨gel, R. M., and Aboud, M. (1994). The human foamy virus
internal promoter directs the expression of the functional Bel 1
transactivator and Bet protein early after infection. J. Virol. 68, 638–
645.
Lo¨chelt, M., Yu, S. F., Linial, M. L., and Flu¨gel, R. M. (1995). The human
foamy virus internal promoter is required for efficient gene expres-
sion and infectivity. Virology 206, 601–610.
Lo¨chelt, M., and Flu¨gel, R. M. (1995). The molecular biology of primate
spumaviruses. In ‘‘The Retroviridae’’ (J. A. Levy, Ed.), Vol. 4, pp.
239–292. Plenum, New York.
Lo¨chelt, M., and Flu¨gel, R. M. (1996). The human foamy virus pol gene
is expressed as a Pro-Pol polyprotein and not as a Gag-Pol fusion
protein. J. Virol. 70, 1033–1040.
Maurer, B., Bannert, H., Darai, G., and Flu¨gel, R. M. (1988). Analysis of
the primary structure of the long terminal repeat and the gag and pol
genes of the human spumaretrovirus. J. Virol. 62, 1590–1597.
Mergia, A., and Luciw, P. A.(1991). Replication and regulation of primate
foamy viruses. Virology 184, 475–482.
Mergia, A. (1994). Simian foamy virus type 1 contains a second pro-
moter located at the 39 end of the env gene. Virology 199, 219–222.
Muranyi, W., and Flu¨gel, R. M. (1991). Analysis of the splicing patterns
of human spumaretrovirus by polymerase chain reaction reveals
complex RNA structures. J. Virol. 65, 727–735.
Pfrepper, K.-I., Lo¨chelt, M., Schno¨lzer, M., and Flu¨gel, R. M. (1997).
Expression and molecular characterization of an enzymatically active
recombinant human spumaretrovirus protease. Biochem. Biophys.
Res. Commun. 237, 548–553.
Renshaw, R. W., and Casey, J. W. (1994). Transcriptional mapping of the
39 end of the bovine syncytial virus genome. J. Virol. 68, 1021–1028.
Rethwilm, A. (1995). Regulation of foamy virus gene expression. Curr.
Top. Microbiol. Immunol. 193, 1–24.
Saib, A., Peries, J., and de The´, H. (1993). A defective human foamy
provirus generated by pregenome splicing. EMBO J. 12, 4439–4444.
Winkler, I., Bodem, J., Haas, L., Zemba, M., Flower, R. P., Delius, H.,
Flu¨gel, R. M., and Lo¨chelt, M. (1997). Characterization of the genome
of feline foamy virus and its proteins shows distinct features different
from primate spumaviruses. J. Virol. 71, 6727–6741.
Yu, S. F., Baldwin, D. N., Gwynn, S. R., Yendapalli, S., and Linial, M. L.
(1996). Human foamy virus replication—A pathway distinct from that
of retroviruses and hepadnaviruses. Science 271, 1579–1582.
Yu, S. F., and Linial, M. L. (1996). Productive persistent infection of
hematopoietic cells by human foamy virus. J. Virol. 70, 1250–1254.
426 BODEM ET AL.
